Introduction
In developed countries, prostate cancer is the most commonly diagnosed male cancer [1] . Clinicopathological parameters are used for risk stratification before therapy decisions. Recently, treatment options for localized prostate cancer have increased. Patients may be managed with active surveillance, while locally advanced and intermediate/high-risk patients are offered radical surgery or radiotherapy. Upfront docetaxel chemotherapy and abiraterone-acetate have recently been shown to improve failure-free survival in hormone-sensitive locally advanced prostate cancer [2, 3] .
There is robust evidence supporting conventional, moderately hypofractionated or stereotactic radiotherapy, recognized in national treatment guidelines [4] [5] [6] [7] . Furthermore, when combined with short (6 months) or long (>6-36 months) course androgen deprivation therapy (ADT), overall survival is prolonged [8] [9] [10] . However, 30% of patients will relapse within 5 years potentially due to undetectable metastatic disease, radioresistant clones or insufficient treatment. Identifying patients at high-risk of relapse post-radiotherapy may inform treatment intensification used to reduce life-threatening disease. Routinely, there are no diagnostic tests used to identify these patients.
Gene expression (GE) biomarkers have shown promise for prostate cancer risk stratification, particularly in men undergoing radical prostatectomy [11, 12] . Few studies have assessed GE biomarkers in formalin-fixed paraffin-embedded (FFPE) diagnostic biopsies in men treated with primary radiotherapy, likely due to small tissue samples that may have degraded [13, 14] .
A novel 70-gene Metastatic Assay was recently reported which identifies localized prostate cancer harbouring tumour gene expression patterns similar to metastatic disease. The Metastatic Assay was validated in a cohort of radical prostatectomy samples for biochemical and metastatic recurrence [15] . The objective of this study was to further independently validate the prognostic utility of the Metastatic Assay in FFPE diagnostic biopsies from patients receiving radical radiotherapy for localized or locally advanced prostate cancer.
Patients and methods

Study design
This study was designed and conducted in accordance with the Reporting Recommendations for tumour marker prognostic studies (REMARK) guidelines ( Figure 1 and supplementary Appendix S1, available at Annals of Oncology online) [16] . Ethical approval for this study was obtained from the Northern Ireland Biobank (NIB Reference 15-0169) under the remit of the NIB's ethical approval from the Office of Research Ethics Committees Northern Ireland for the collection, storage and release of tissue (ORECNI Reference 16/NI/0030).
Patients
A bridging cohort of 75 FFPE diagnostic biopsies from patients with localized prostate cancer was collected to optimize the Metastatic Assay threshold in biopsy material (supplementary Table S1 , available at Annals of Oncology online).
Inclusion/Exclusion criteria T1a-T3c NX M0 patients treated with radical radiotherapy; ≥3yr follow up.
Patient population cohort (n =473)
Patients with available diagnostic tissue (n = 470; 98%)
Patients excluded for no tissue availability (n = 3; 2%) Final evaluation population for BCR and Mets endpoints assayed with the Metastatic Assay (n = 248; 52%) Figure 1 . REMARK study design flow diagram and resultant cohort for validation of the Metastatic Assay. Inclusion/exclusion criteria for the independent validation cohort is outlined. Critical steps within the design are highlighted in blue and sample failures at each step are highlighted in orange.
For the independent validation cohort, 473 localized/locally advanced prostate cancer patients commencing radical radiotherapy (with/without ADT) at the NI Cancer Centre, Belfast Health and Social Care Trust (BHSCT), between 1 January 2005 and 31 December 2009 were considered for inclusion ( Figure 1 ; supplementary Table S2 , available at Annals of Oncology online). Patients were treated with 70-74 Gy external beam radiation therapy (EBRT) in 2 Gy fractions with 3D conformal or intensity modulated techniques over 7-7.5 weeks. Nodenegative patients received elective pelvic nodal irradiation at the physician's discretion; node-positive patients had radiotherapy to pelvic nodal regions. Short (6 months) or long (>6-36 months) course ADT commenced at least 3 months before radiation with LHRH agonists or antiandrogens.
A cohort of 22 FFPE diagnostic biopsies representing 11 localized prostate cancer patients were identified from The Prostate Biobank, Oslo University Hospital and used to assess intra-tumour heterogeneity.
Gene expression profiling
As previously described [15] microarray profiling was carried out in a Clinical Laboratory Improvement Amendments (CLIA) certified laboratory (Almac Diagnostics, UK). Stratagene UHR samples and ES-2 cell lines were used as process control measures, monitored using statistical process control charts. Quality control analysis was carried out in each cohort (supplementary Methods, available at Annals of Oncology online).
Generation of Metastatic Assay scores
Samples were pre-processed independently including RMA background correction; median summarization of probes to probesets; median summarization of probesets to Entrez Gene ID and quantile normalization using a pre-defined model. Scores were calculated on a per sample basis using the Metastatic Assay parameters and algorithm [15] . Metastatic Assay calls were derived by applying the optimized biopsy threshold (0.5505), where scores >0.5505 were classified as 'Assay Positive', otherwise 'Assay Negative'.
Outcomes
Primary outcome measures were time to biochemical failure-free survival (BFFS) and time to metastatic recurrence (MFS). BFFS was defined as a PSA rise >2.0 ng/ml above nadir PSA followed by a subsequent rise [17] . MFS was defined as radiological evidence of metastatic disease, including non-pelvic lymph nodes, bone and visceral metastases using radiological imaging. Follow-up times started on the date of commencement of EBRT and were censored on the date of last followup or recurrence.
Statistical methods
Cox proportional hazards (PH) regression was used to investigate prognostic effects of the Metastatic Assay on time to BFFS/MFS. The estimated effect of the Metastatic Assay was adjusted for clinical covariates by fitting a multivariable analysis (MVA) model, including Gleason, age, PSA, T-stage and ADT; and secondly by evaluating adjustment for CAPRA. The Cox PH assumption was verified using statistical tests based on the Schoenfeld residuals [18] .
Intra-tumour heterogeneity was assessed by calculating overall percentage agreement of the dichotomous assay call between different biopsies from the same patient.
Samples with missing clinical information were excluded. All statistical tests were two-sided at a 5% significance level.
Results
Threshold optimization and application of the Metastatic Assay in diagnostic biopsies
A bridging cohort of 75 diagnostic specimens from localized prostate cancer patients was used to optimize the Metastatic Assay biopsy threshold (supplementary Table S1 , available at Annals of Oncology online). Semi-supervised hierarchical clustering identified four sample clusters. Metastatic Assay scores were highest within sample cluster S1, characterized predominantly by down-regulation of GE, indicative of our pre-defined Metastatic biology subgroup (supplementary Figure S1 , available at Annals of Oncology online). A suitable biopsy threshold was derived where all performance metrics (sensitivity, specificity, NPV, PPV and accuracy) were deemed optimal (y ¼ 0.93) (supplementary Metastatic Assay performance in an independent primary prostate cancer radiation therapy cohort We identified 473 patients for possible inclusion in the study. In 35%, residual tissue was absent or insufficient due to previous diagnostic procedures (Figure 1 ). In total, 248 patients (52% of original cohort, 93% of profiled cohort) had successful GE profiling and generation of a Metastatic Assay result (Table 1)  (Original cohort, supplementary Table S2 , available at Annals of Oncology online). Median follow-up of the analysable cohort was 99 months with one patient lost to follow-up. Median age at diagnosis was 68 years, 107 (43%) patients had Gleason 8-10 disease, 9 (4%) were node-positive and 78% had NCCN high-risk disease. Median radiation dose was 74 Gy with 27% of patients receiving pelvic nodal irradiation. A total of 141 patients (57%) received long-course ADT, 184 patients (74%) with LHRH agonists.
In total, 31.5% of patients were Assay Positive with confirmed clinical failure occurring in 65/248 (26.2%) patients. At 10 years, BFFS was 50% for Assay Positive patients compared with 71% for Assay Negative [HR ¼ 1.96 (1.15-3.34); P ¼ 0.006] (Figure 2A ). In total, 24 patients (9.7%) developed distant metastases. Assay Positive patients were more likely to develop distant metastases than Assay Negative patients, with 10-year MFS of 72% compared with 94% [HR 
Correlation of standard clinical variables with the Metastatic Assay
In univariate analysis, aside from the Metastatic Assay, PSA and T-stage were significantly associated with BFFS [HR ¼ 1.01 (1.00-1.02); P ¼ 0.029 and HR ¼ 1.00 (1.14-3.09); P ¼ 0.023, respectively) ( Figure 2C Positive patients had higher Gleason score (67% Gleason 8-10), PSA levels (median 21.4 ng/ml) and CAPRA scores (86% high risk) than Assay Negative patients. All clinical factors with the exception of age were significantly correlated with the Metastatic Assay result (Gleason P < 0.0001, CAPRA P ¼ 0.0007, ADT P < 0.0001, PSA P ¼ 0.0047 and T-stage P ¼ 0.0001) (supplemen tary Table S3 , available at Annals of Oncology online). 
Assessment of intra-patient heterogeneity
The Metastatic Assay was applied to 22 diagnostic biopsy samples representing 2 tumour foci from 11 patients to assess intratumour heterogeneity both as a dichotomous ( Figure 4B continuous result ( Figure 4A ). The overall agreement across tumour foci of the cohort was calculated as 100% (95% CI: 61.5% to 100%), indicating a low level of heterogeneity for the Metastatic Assay, albeit in a small cohort.
Gene expression and pathway analysis of the metastatic subgroup
Differential gene analysis between Assay Positive and Assay Negative samples identified 1039 genes, encompassing 138 that were significantly overexpressed and 901 that were significantly underexpressed (supplementary Table S5a , available at Annals of Oncology online). Functional analysis using GO and DAVID identified seven key pathways defined by negatively regulated genes in the Metastatic Assay positive subgroup following Bonferroni multiple-test-correction (supplementary Table S5b , available at Annals of Oncology online). Of significant relevance were PI3K-AKT signalling (P ¼ 0.04), protein digestion and absorption (P < 0.001) and focal adhesion (P < 0.001). 
Discussion
Molecular diagnostic tests have potential to tailor therapeutic decision-making, including treatment intensification in high-risk patients. In this study, we have demonstrated that the Metastatic Assay is independently predictive of recurrence in men treated with EBRT whereby Assay Positive patients were more likely to develop BFFS and MFS in this dataset. Importantly, the Metastatic Assay was superior to conventional clinical parameters in predicting outcomes. Additionally, when combined with CAPRA, performance was superior to either alone when assessed as continuous variables. Key strengths of this study include successful application of the assay to diagnostic FFPE biopsies with low levels of heterogeneity, large cohort (n ¼ 248), follow-up (median 99 months) and generation of high-quality GE data (93% pass-rate). Currently, three tissue-based prognostic assays are commercially available: cell cycle progression (CCP) score (Prolaris V R Myriad Genetics), Genomic Prostate Score (Oncotype Dx V R , Genomic Health Inc.) and Genomic Classifier (GC) (Decipher TM , Genome DX Biosciences). Most studies evaluating these panels have been in the context of radical prostatectomy. Two studies evaluated patients treated with primary radiotherapy.
In 141 men treated with radical radiotherapy, with a median follow-up of 4.8 years, the CCP assay predicted for BFFS (HR ¼ 2.55 one-unit increase in CCP score; P ¼ 0.03) [13] . In 100 intermediate/high-risk men treated with radiotherapy and ADT, with a median follow-up of 5.1 years, the Genomic Classifier predicted MFS (HR ¼ 1.36 per 10% increase in score) [14] . The Metastatic Assay compares favourably to these assays and increases confidence in applying genomic biomarkers to prostate cancer clinical management.
Additional value of the Metastatic Assay is also supported by the observed failure of Gleason grade to demonstrate independent prognostic utility. Given the nature of its derivation, identification of a molecular subgroup of primary prostate cancer similar to metastatic disease [15] , the Metastatic Assay has superior predictive value for MFS compared with BFFS. This may be explained by BFFS being a non-specific end point which cannot discriminate between local and distant failure. A proposed further utility of the Metastatic Assay may be identification of M0 patients who already have occult metastatic disease at presentation. The provision of localized therapy alone to Assay positive patients will likely be insufficient, therefore we propose treatment intensification using of systemic therapy, including brachytherapy [19] , stereotactic radiotherapy [5] with ADT, adjuvant chemotherapy [5] or extended adjuvant ADT [9, 10] . Importantly, the Metastatic Assay also retained prognostic performance in high-risk prostate cancer (Gleason 4 þ 3), consistent with its application to support treatment intensification.
A previously reported feature of Metastatic Assay positivity was significant loss of gene expression post-surgery, predominantly related to epigenetic silencing [15] . Supporting this findings, we detected a similar proportion of underexpressed (n ¼ 901) to overexpressed genes (n ¼ 138) in this study. Functional analysis identified PI3K-AKT and FAK signalling enrichment which provide a biological foundation to support the Metastatic Assay and the emergence of clinical relapse.
Limitations of this study include the retrospective validation within a single-centre cohort. Prostate cancer studies are restricted by timescales required to accurately quantify clinical end points. Another consideration is the pathology attrition-rate before GE profiling in archived biopsy samples [20, 21] . However, routinely clinical samples will be a few weeks old and better quality. In addition, the small sample size of the intra-tumour heterogeneity cohort and the differences of these samples compared with the validation cohort are considered to be limitations. Finally, there was an increased proportion of higher-risk disease in the final cohort when compared with the original. This was expected as there was a higher attrition rate of low-volume Gleason 6 disease. In summary, the Metastatic Assay provides independent prognostic information for localized or locally advanced prostate cancer patients treated with radical radiotherapy and ADT who might benefit from treatment intensification. Future prospective studies could be designed to demonstrate potential benefit in patients including upstaging and intensification of treatment.
